The distributions of axial static pressure coefficient and flow fluctuation in the test section which affect aerodynamic measurement in an open jet wind tunnel is presented. In this paper, the flow characteristics of the open jet automotive wind tunnel with passive reinjection and active reinjection were simultaneously investigated by experimental and numerical approaches. The axial static pressure coefficient variations can be reduced by passive or active reinjection, and recycle flow returns to the test section from the loophole is the main reason. The more mass flow rate improves the effect. Meanwhile, it is found that the improvement of the axial static pressure coefficient by reinjection is always better in the condition of 0° collector angle. The turbulence intensity in the collector angle of 15° is lower than that of 0°, and the reinjection increases the turbulence intensity near the collector. The increase of the turbulence intensity by active reinjection in the collector angle of 0° is greater than the collector angle of 15° for the 3.28° diffusion angle. There are some peaks emerging at the frequencies of 40 Hz and 50 Hz, which indicates that the flow field fluctuations may have induced structural vibration. The peaks at several frequencies increase when the passive and active reinjection are conducted, and the increase of peak is correlate with the increase of the reinjection flow rate. Due to the reduction of average static pressure coefficient and increase of flow fluctuations, the application of passive and active reinjection should be considered at the same time.
INTRODUCTION
Automotive wind tunnel is an important test facility for automotive research and development. Open jet wind tunnel has become the main form of modern automotive wind tunnel due to its advantages in aerodynamic and aero-acoustic measurement. A well operating wind tunnel must meet the requirement of minimum level for both axial static pressure coefficient and flow pulsation. Axial static pressure coefficient in large value has influence on the measurement accuracy as an additional horizontal force, which is critical for the vehicle aerodynamic force measurement. The high flow field fluctuation not only leads to the instability of the wind speed, but also affects the measurement of the surface pressure and wake flow field. Some researchers have proposed several correction formulas (Mercker and Jochen 1996; Jochen, Oliver and Pang 2004; Mercker, Cooper, Fischer, Wiedemann 2005; Mercker and Cooper 2006) corresponding to the problem of high axial static pressure coefficient for the early wind tunnels.
In order to design a wind tunnel with a low axial variation in static pressure coefficient, researchers have carried out related research from various aspects. Joel et al. (Joel, Edward and Bill 2003) carried out experiments to Daimler Chrysler wind tunnel in the conditions of different height, speed as well as the opening and closing of boundary layer control system. He discovered that tangential blowing and distributing suction system only effects the static pressure coefficient 3.5 m to 4.5 m in front of the rotation center, but hardly effects the static pressure coefficient over the rotary balance and behind the body tail. Speed and height have little effect on the static pressure coefficient, which can be ignored. By means of model wind tunnel tests and numerical simulation, Edward et al. (Edward and Amir 2010) adopted airfoil collector in the Aerodynamisches Versuchszentrum (AVZ) wind tunnel to improve the boundary-layer control system and eventually obtained a low axial static pressure coefficient. Authors have found that the axial static pressure coefficient can be effectively reduced by increasing the collector angle or increasing the collector throat clearance. By the method of numerical simulation, it is also found that the axial pressure coefficient can be improved by guiding the downstream airflow of test section back to the test section (Li, Zheng, Jia, Yang 2010; Du, Yang, Li 2016) .
Low frequency pulsation is a common issue in open jet wind tunnels. It is necessary to control it under a low level. Researchers have developed some effective control measures, which have already been applied in some current wind tunnels (Amandolese and Vartanian 2010; Bergmann, Kaiser, Wagner 2008; Rennie, Kim, Lee, Kee 2004; John 2002; Gerhand, Wilhelm, Steppen 2000; Stephen, Tony, Michael 1999) . For example, opening ring in the front of first diffuser and changing the structure of the collector are well-proven means to control the low frequency pulsation. The authors put forward two new control methods: a Helmholtz resonator and addition pipes connected with airline of wind tunnel. They can keep a stable level in entire velocity range and the method of addition airline has been applied to control the low frequency pulsation of the first aerodynamic and aero-acoustic automotive wind tunnel in China (Wang, Yang, Li 2012 ).
The flow field in the test section is influenced by the auxiliary passage (passive reinjection). Therefore, effects of reinjection in the test section were studied by wind tunnel experiments and numerical simulation. The variations of axial static pressure coefficient, pressure and velocity fluctuations in the test section were assessed for the passive reinjection. For further insight into this issue, active reinjection was introduced through two additional fans. Their influences on the flow field in the test section were also evaluated. The paper is organized as follows： In section 2, the methodology is introduced. In section 3, the results of axial static pressure coefficient, turbulence intensity, velocity and pressure fluctuations are presented.
METHODOLOGY

Wind Tunnel Experiments
A 1:15 scale wind tunnel model was built as the following specification. It is a 3/4 open-jet type, which is usually used in the full scale automotive wind tunnel. The wind tunnel speed is controlled by the fan, and the maximum nozzle speed is 49 m/s. The test section has the dimensions of 1.517 m in length, 1.185 m in width and 0.818 m in height. In order to carry out the research of reinjection, two opening (named as "A" and "E", respectively) with different sizes are set up from the first diffuser to the corner one and corner two, which is the downstream of the test section. For the purpose of recycling the airflow back to the test section, a loophole is opened above the collector. Therefore, an auxiliary passage can be constructed on the top of wind tunnel to lead the airflow back to the test section from opening "A" and "E". This kind of reinjection is called passive reinjection because it doesn't need additional power, as depicted in Fig.1a . Active reinjection introduces external airflow into the wind tunnel by auxiliary fan and exhausts extra air downstream through an opening in the downstream of the test section, is illustrated in Fig.1b . Passive reinjection has the advantage of dispensing with additional power. However, once structure is determined, the flow rate of reinjection is fixed as a constant. On the contrary, active reinjection can adjust the flow rate by changing the fan power, but it needs additional power.
Full scale aerodynamic and aero-acoustic wind tunnel of SAWTC (Shanghai Automotive Wind Tunnel Center) and university of Stuttgart in FKFS are two typical modern advanced automotive wind tunnels. The diffusion angle of them are 3.28° and 1.38°. According to our pervious investigation (Li, Chen, Yang, Xu 2014) , when the diffusion angle is below 1.70°, the bigger collector angle becomes, the larger axial static pressure is. On the contrary, when the diffuser angle is above 1.70°, the law is opposite. 
In order to further evaluate the influence of diffusion angle to the flow field, a new collector and first diffuser with smaller sectional area were made, and the diffusion angle is 1.38°, as depicted in Fig.1b . Due to the modification of diffusion angle, the structure of auxiliary passage should be modified correspondingly for assembly. On consideration of the limited fund and time, the processing of the auxiliary passage is canceled and the corresponding experiments have not been conducted. Flow characteristics are measured during the experiment for two collector angles and diffusion angles under the conditions of passive reinjection and active reinjection. The experimental conditions are shown in the Tab.1. For the active reinjection, "2P" and "6P" mean the fan power is two blocks and six blocks, respectively. More airflow will be reinjected into the test section when the fan power is "6P". 
Numerical Simulation
Flow Simulation Method
The numerical method is used to obtain the flow field detail for the analysis of the aerodynamic mechanism behind the experimental phenomena. Therefore, the numerical simulation is only conducted for several conditions. The wind tunnel model is composed of test section, collector, diffuser, corner, fan motor, honeycomb and contraction section etc, as depicted in Fig. 2a . An auxiliary passage above the pipeline is added when the opening "A" is turned on for passive injection.
The flow field inside the computational domain was discretized by the commercial software of Hypermesh 14.0. All wall surfaces were discretized with triangle mesh elements. The smallest surface element has a size around 2~5 mm, which is located at the surfaces of nozzle, collector and corner vanes. A larger surface element has a size around 10 mm, which is located at the surfaces of test section, diffuser, cross-leg and additional airline. The number of surface mesh is about 3.7 million. Cells of prism layers were created on the wind tunnel component surfaces and the wind tunnel floor to satisfy the required near-wall resolution with y+≈20~200 for better resolving the boundary layer over those surfaces. The remaining volume of the computational domain is filled by tetrahedral cells using commercial software of Fluent 16.1. The number of the cells is strongly dependent on the size of the surface mesh and the size of the computational domain. In the present study, nearly 34 million cells were created in the initial solution. Section grid from the height of test section floor about 50 mm is shown in Fig.2b .
The commercial CFD code Fluent 16.1 was used for the current analysis, and this code is based on finite volume using an unstructured grid. Realizable k-ε model (Shih, Liou, Shabbir, Yang, Zhu 1995) and non-equilibrium wall functions (Launder, Spalding 1974 ) were used to model the turbulence field. The governing equations are defined as Eq.1~Eq.3
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The fan speed of 1100 rpm can ensure the nozzle speed is 30 m/s and the pressure of vent is set to 0 Pa. Due to the reason of low Mach number of 0.09, an incompressible pressure based solver is used together with an implicit SIMPLE pressure-velocity coupling algorithm. In the computational process, the computation was first carried out with first order scheme for its stability. After two thousand iterations, the computation was switched to the second order scheme to improve numerical accuracy. Grid adaptations were carried out a few times based on the y+ value to guarantee the wall functions are valid. In our cases, the y+ values are mainly in the range of 20~200, which is recommended by Fluent 16.1. The numerical solution is considered as convergence when the residuals for all equations are less than 10 -5
, as well as the static pressure no longer changes with more iterations.
Modal Calculation
The modal energy of the wind tunnel is overwhelmingly contributed from low frequency. Therefore, only the structural modal frequencies below 100 Hz are concerned in this paper. The wind tunnel surface mesh, which used in the CFD, is directly employed to generate volume mesh for modal calculation. The modal calculation is conducted by finite element software Actran 16.0. Because the computing process of the modal calculation is simple and the result is highly precise, the detail information is not provided in this paper.
RESULTS DISCUSSION
Axial Static Pressure Coefficient
The position of balance center is chosen as the reference point, where x coordinate is equal to zero. We pay close attention to the static pressure coefficient, which is shown as Eq.4.
It can be seen from Fig. 3 that the static pressure coefficients of CFD and test have the same trend and close to the value. Both of them show that as x/L becomes larger, the static pressure coefficient decreases slightly and then decreases sharply after x/L = 0.6. When the x/L = 1.95, the static pressure coefficients of the CFD and test are 0.141 and 0.139, respectively. The same trend and small difference indicate that the numerical simulation method is correct.
Fig. 3. Comparison of numerical result and test result.
For the conditions of diffusion angle of 3.28° and 1.38° in passive injection, the variation of axial static pressure coefficient alongside the x-axis in test section is shown in Fig.4 . It should be mentioned that the results presented in follow figures except for Fig.5 are experimental. For the diffusion angle of 3.28°, the axial static pressure coefficient in the back end of test section can be effectively reduced by turning on the opening "A" or "E", whether the collection angle is 0° or 15°. The larger the opening area is, the more air recycle back to the test section, and the greater the static pressure coefficient decreases. For example, when the diffusion angle is 0° and opening "E" is turned on, the static pressure coefficient is only 0.054 at x/L = 1.95, while the static pressure coefficient is 0.138 when all the opening is off. When the diffusion angle is 15°, Cpi of opening "E" on and all opening off is 0.046 and 0.112, respectively. Moreover, Cpi for collector angle of 15° is lower than 0° in the same opening conditions.
(a) Collector angle is 0° and diffusion angle is 3.28°
(b) Collector angle is 15° and diffusion angle is 3. 28°  Fig. 4 . Cp curve of passive reinjection.
When the opening "A" is on, part of the diffuser airflow enters the additional passage from opening "A", which is located at the top of diffuser, as depicted in Fig.5 . The airflow returns to the test section through the loophole located at the top of collector. Similar processes can be found at other holes. As more airflow returns into the test section through the loophole, the dynamic pressure near collector increases and results in a reduction of static pressure. The reason why opening "E" is better is that the mass flow rate of the loophole is more than that of "A" when the opening is on.
(a) Collector angle is 0°
(b) Collector angle is 15° Fig. 5 . Pathlines of test section when the diffusion angle is 3.28°.
In the condition of active reinjection, the axial static pressure coefficient in the test section for the cases of 3.28° and 1.38° is shown in Fig.6 . For the diffusion angle of 3.28°, the axial static pressure coefficient in the back end of the test section can be effectively reduced in the condition of active reinjection, where the external airflow is injected into the test section through an additional fan and extra air inside the wind tunnel flows out through opening "E", whether the collector angle is 0° or 15°. When the collector angle is 0°, the static pressure coefficient near the collector outlet can be further reduced by increasing the fan speed i.e. the flow rate of injected airflow. When the diffusion angle is 3.28°, because the static pressure coefficient near the collector is much larger than that near the nozzle, it is advantageous to reduce the static pressure coefficient near the collector for aerodynamic force measurement. However, in the condition of diffusion angle of 1.38°, the variation of static pressure coefficient alongside the x axis in test section is small. In this circumstance, the reduction of Cpi, which happens in the condition of active reinjection, is unfavorable for aerodynamic force measurement. When the collector angle is 15°, the increasing the fan speed has no major impact on Cpi. Because Cpi near the collector is positive in the conditions of 15° collector angle for both diffuser angles, active reinjection is beneficial to the aerodynamic measurement. It is worth noting that when diffusion angle is 1.38°, Cpi at x/l = 1.95 corresponding to the collector angle of 15° is higher than that of 0°, which is contrary to the tendency of the diffusion angle of 3.28°. In both diffusion angles, when the collector angle is 0° and active reinjection is on, Cpi in the back end of the test section decreased more than the one corresponding to the collector angle of 15°.
(a) Collector angle is 0° and diffusion angle is 3.28° 
Velocity Fluctuation
Turbulence Intensity
All of the pervious discussions are focused on the axial static pressure coefficient, which is a time averaged flow field characteristic. As a matter of fact, we should concern the fluctuation flow field because high turbulence intensity leads to the vibration of equipment and reduces the accuracy of test.
For the diffusion angle of 3.28°, both passive reinjection and active reinjection will increase the turbulence intensity near the collector, as depicted in Fig.7 . It can be found that when the collector angle is 0°, the turbulence intensity is larger than that of the collector angle of 15°, and the influence of passive reinjection on the collector angle of 0° is greater than that on the collector angle of 15°. For example, for the collector angle of 0°, the turbulence intensity at x/l = 1.8 increases 0.38 for passive reinjection, while the one of the collector angle of 15° only increases 0.08. The tendency of active reinjection is the same as the passive one. When the diffusion angle is 1.38°, it is also found that active reinjection increases the turbulence intensity while the increment of 15° collector angle is larger. 
Power Spectral Density
The velocity of measured point at x/l = 1.2 is selected for power spectral density (PSD) analysis, as depicted in Fig.8 . In the condition of passive reinjection, it is found that the energy of several frequencies increase for the collector angle of 0°. The largest increment is 0.006 that occurs at the frequency of 31 Hz. However, the energy of another case, which has the collector angle of 15°, increased slightly at this frequency by only 0.001. In the condition of active reinjection, whether the diffusion angle is large or small, reinjection would be the main cause of the growth of velocity fluctuation, especially for some typical frequencies such as 21 Hz and 31 Hz. It can still be found that the influence of reinjection for the case of 0° collector angle is greater than that of 15°.
Pressure Fluctuation
Because the pressure fluctuation and vibration energy of these measured points are small at middle and high frequencies, the PSD is shown only below 100 Hz in Fig.9 . Since only the energy below 100 Hz is concerned, it can be considered that the main contribution is turbulence fluctuation, which is called as hydrodynamic pressure fluctuation. In Fig. 8a , the vertical axis of P2 is the primary axis, while the vertical axis of P1 is the secondary axis. In Fig. 8b , the vertical axis of P3 is the primary axis, while the one of P2 is the secondary axis. It can be seen from Fig. 8a that the peak frequencies of two curves are basically the same, which are 7 Hz, 17 Hz, 31 Hz, 40 Hz and 50 Hz. However, the quantities of among these peaks between the two curves have large differences. The value of the P2 near the collector is much larger than the one of the point P1. For instance, the value of the P2 at the frequency of 17 Hz is 1.24, while the one of the P1 is only 0.023. Because the reinjection has the greatest impact on the collector when it locates the top of the collector, the following analysis is major concerned about P2, which locates near the collector. It can be seen from Fig.8b that, peaks appear at the frequency of 31 Hz, 40 Hz, 50 Hz both for the pressure fluctuation of P2 and the acceleration of P3. Since P2 is located in the test section and P3 is located on the wall of wind tunnel, it may indicate that the flow field fluctuations are the factors that lead to structural resonance. For the purpose of further insight into this phenomenon, modal calculation of the wind tunnel structure is conducted. The modal frequencies are shown in Table 2 . It can be seen from the table that the 3 rd and the 4 th ordered modes of the wind tunnel structure are correlate with jet shear layer. The cause why peak appears at the frequency of 31 Hz is still unclear yet. As for the frequencies of 7 Hz and 17 Hz, where appears the peaks for pressure fluctuation, they might be the frequencies corresponding to the big vortex structure produced by the interaction between the jet shear layer and the collector. . It is less than the energy at 50 Hz. At the speed of 40 m/s, in addition to the three frequencies mentioned above, there are several other peaks emerged with close value, which indicates that the energy distribution is more diverse. But the maximum energy still locates near 50 Hz with the value of 2.66. However, at the wind speed of 35 m/s, the energy at 40Hz is much larger than the one at 17 Hz with the difference of 1.32. The wind speed of 30m/s is most typical for wind tunnel design and test, and most of the frequency characteristics in this speed. Therefore, 30 m/s is selected for the following analysis of the reinjection effects. When the diffusion angle is 3.28°, effects of passive reinjection on the pressure fluctuation in test section are shown in Fig.11 . It is found that reinjection has caused changes to the flow field in test section. Energy of several peak frequencies is reduced by reinjection, while the values for most other frequencies increase. The higher the flow rate of reinjection is, the larger the value will be. For example, when the collector angle is 0° and hole "E" is opened, energy at the frequencies of 31 Hz and 40 Hz increases by 0.28 and 0.68 comparing with no reinjection. Similar tendency also occurs when the collector angle is 15°. It is should be noticed that, in the conditions without reinjection, energy at 17 Hz on the collector angle of 15° is much lower than that on the collector angle of 0°, so the pressure fluctuation at a lower level occurs. However, when reinjection is conducted, energy at several frequencies on the collector of 15° is higher than that of 0°, which indicates a much higher level of pressure fluctuation. The high level of pressure fluctuation has negative impacts on flow field measurement. For instance, energy at 31 Hz on the collector angle of 15° increases by 0.6 comparing with the one when the collector angle is 0°.
(b) Collector angle is 15° and diffusion angle is 3. 28°  Fig. 11 . PSD of passive reinjection.
As for the diffusion angle of 3.28° and 1.38°, effect of active reinjection on the pressure fluctuation in test section is shown in Fig.12 . Active reinjection intensifies the pressure fluctuation in the test section for both diffusion angles. The increase of reinjection flow rate will coherently increase the energy of pressure fluctuation. When the diffusion angle is 3.28° and the collector angle is 0°, effects of active reinjection are more obvious and the peak energy is more prominent. For example, in the conditions of P2 and P6, the peak values at 30 Hz increase by 0.4 and 1.2, respectively. When the collector angle is 15°, effects of active injection are not obvious, where energy at most frequencies increases slightly. The peak energy is slightly reduced with the increase of reinjection flow rate at several frequencies. Thus, active reinjection on the collector angle of 15° has less negative impact. When the diffusion angle is 1.38° and the collector angle is 0°, effects of active reinjection are more obvious. Energy increased much more than the diffusion angle of 3.28°. It not only largely increased at the maximum peak frequency, but also increased at the second peak frequency of 40 Hz. When the collector angle is 15°, energy near 40 Hz is not obvious and the increase of energy at 31 Hz is not large. 
CONCLUSION
The effects of reinjection on flow field of open jet automotive wind tunnel test section were investigated by wind tunnel test together with numerical simulation. Axial static pressure coefficient, turbulence intensity, velocity and pressure fluctuations were measured by Pitot tube, hot wire anemometer and surface microphone under different diffusion angles and collector angles. The research shows that:
(1) The axial static pressure coefficient in the rear end of test section can be reduced by passive or active reinjection. The airflow returned to the test section through loophole and the mass flow rate of loophole are the main factors to decide the improvement effect of the axial static pressure coefficient.
(2) For large diffusion angle such as 3.28°, the maximum static pressure coefficient near the collector angle of 0° is higher than that of the angle of 15°. For small diffusion angle such as 1.38°, the tendency is the contrary. However, it is found in the experiment that the improvement of the axial static pressure coefficient by reinjection is always better in the condition of 0° collector angle.
(3) The turbulence intensity at measured point in the case of the collector angle of 15° is lower than that of 0°. The reinjection increases the turbulence intensity near the collector. For the larger diffusion angle, the increase of the turbulence intensity by active reinjection in the collector angle of 0° is greater than that of 15°, which is contrary to the tendency of the smaller diffusion angle.
(4) For the quantity of pressure fluctuation, velocity fluctuation and wall acceleration, it is discovered from the spectral analysis that peaks emerge at same the frequencies of 40 Hz and 50 Hz, which indicates that the flow field fluctuations may have induced structural vibration. Through modal calculation, it is suggested that the wind tunnel structure may be in resonance with the flow field fluctuations, which is the result of interaction between shear layer vortex shedding and collector.
(5) For both passive and active reinjections, the peaks at several frequencies increase. The increase of peak is correlate with the increase of the reinjection flow rate. The reinjection is beneficial for the reduction of average static pressure coefficient in the rear end of test section, but it leads to the increase of velocity and pressure fluctuations, which deteriorates the unsteady flow field. Therefore, for the future of wind tunnel design and vehicle test, the most suitable control method is determined by the measurement demand. The study of its effect on acoustic field in the test section is complex but worthy to investigate.
